Abstract Concrete is a composite material that mainly consists of mineral aggregates bound by the matrix of hardened cement paste. Composition and microstructure of hardened cement paste have important influences on the properties of concrete exposed to high temperatures. An extensive experimental study was carried out to analyse the post-heating characteristics of concretes subjected to temperatures up to 800°C. Major parameters of our study were the slag content of cement (0, 16, 25, 41 or 66 m%) and the value of maximum annealing temperature. Our results indicated that (1) the number and size of surface cracks as well as compressive strength decreased by the increasing slag content of cements due to elevated temperature; (2) the most intensive surface cracking was observed by using Portland cement without addition of slag. The increasing slag content of cement increased the relative post-heating compressive strength. Tendencies of surface cracking and reduction of compressive strength were in agreement, i.e. the more surface cracks, the more strength reduction.
Introduction
Effects of high temperatures on the mechanical properties of concrete were studied as early as the 1940s [1] . In the 1960s and 1970s, fire research was mainly directed to study the behaviour of concrete structural elements [2] . There was relatively few information on the concrete properties during and after fire [3] .
Recent fire cases called again the attention to fire research. Different concrete types may also mean different possibilities for fire design [4] [5] [6] . Environmental protection requires the use of cements with low clinker content. Present study is directed to the influence of high temperatures on specimens made of cements with different slag contents. Concrete is a composite material that consists mainly of mineral aggregates bound by a matrix of hardened cement paste. Composition and internal structure of hardened cement paste has an important influence on the properties of concrete exposed to high temperatures [7] . Characteristics of concrete during and after the heating process depend on the type of cement, the type of aggregate and the interaction between them [8] [9] [10] .
Effect of cement type has been hardly studied. Early studies on concretes made of the two commonly used cement types, Portland cement or Portland cement with low amount of slag indicated almost the same residual compressive strength over 400°C [11, 12] . The properties of cement paste itself are also influenced by the mixing proportions of the constituents [13] [14] [15] . Behaviour at high temperatures depends on parameters like water/cement ratio, amount of CSH (calcium-silicate-hydrates), amount of Ca(OH) 2 and degree of hydration. Different cement pastes can perform differently in fire [16] .
Grainger [17] studied cements with or without pulverised fly ash (PFA) subjected to a series of temperatures ranging from 100 to 600°C with an interval of 100°C. In his research the dosage of PFA was 20, 25, 37.5 and 50 % of the total mass of binders. It was found that the addition of PFA could improve the residual compressive strength of cement paste. The beneficial effect of PFA as part of the binder was in good agreement with the results of Dias et al. [18] and Xu et al. [19] . Khoury et al. observed that 400°C was a critical temperature for Portland cement concretes, above which concretes would disintegrate on subsequent post-cooling exposure to ambient conditions [20] .
In fire, the heated surface region of concrete loses its moisture content by evaporation from the surface and by migration into the inner concrete mass driven by the temperature gradient [21, 22] . Due to high temperatures, structure and mineral content of concrete changes. The analysis was made by thermogravimetry (TG). Around 100°C the mass loss is caused by water evaporating from the micropores. The decomposition of ettringite (3CaOAl 2 O 3 Á3CaSO 4 Á32H 2 O) takes place between 50 and 110°C. At 200°C there is a further dehydration, which causes small mass loss. The mass loss of the test specimens with various moisture contents was different till all the pore water and chemically bound water were gone. Further mass loss was not perceptible around 250-300°C [23, 24] . During heating, the endothermic dehydration of Ca(OH) 2 takes place between temperatures of 450 and 550°C (1) . This endothermic reaction is accompanied by loss of mass [25] .
In the case of concretes made of quartz gravel aggregate, other influencing factor is the change in crystal structure of quartz a formation into ? b formation at 573°C. This transformation followed by volumetric increase that influences the strength detrimentally [26] . Dehydration of calcium-silicate-hydrates was found at the temperature of 700°C [27] . Based on this information, we carried out an extensive experimental study to analyse the post-heating characteristics of concretes subjected to temperatures up to 800°C. Major parameter of our study was the slag content of cement (0, 16, 25, 41 or 66 m%) in addition to the value of maximum annealing temperature.
Experimental programme Cement composition
Main purpose of our experimental study was to determine the influences of ground granulated blast-furnace slag (GGBS) content of cements on post-heating characteristics of hardened cement paste as well as that of concrete. The following cements were involved in the comparative study: Clinker to slag proportions of cements tested in addition to their detailed chemical compositions. Data are given in Tables 1 and 2 , respectively. The slag contents were 0, 16, 25, 41 or 66 m% within the total mass of cements. All of the tested cements were produced by the same cement plant (Duna-Dráva Cement, Heidelberg Cement Group) in order to have the same type of clinker and slag.
Cement clinkers and slag were ground together during the production of cement.
Test specimens and variables
Tests on hardened cement paste specimens (cubes of 40 mm sides)
The test variables were type of cements (Tables 1, 2 ) and maximum temperatures (Table 3) ; the test constants were water to cement ratio (w/c = 0.43) and cement content, while the studied characteristics were surface cracking (macroscopic observation), compressive strength and thermoanalytic characteristics.
Tests on concrete specimens (cubes of 150 mm sides)
The test variables were type of cement (Tables 1, 2) and maximum temperatures (Table 3) , the test constants were Cement clinker and slag were ground together during production of cement water to cement ratio (w/c = 0.43), cement content as well as type and grading of aggregate (Table 4) , while the studied characteristics were surface cracking, compressive strength and microscopic observation of morphology (scanning electron microscope images). The parameter combinations resulted in altogether 340 specimens including five measurements to every combination of parameters (Table 3) .
Test methods
Casted specimens were removed after 24 h from the formwork; then, specimens were stored in water for 7 days and kept at laboratory conditions (temperature 20°C, 65 % relative humidity) until testing in accordance with the standard [28] . The specimens were 30 days old at the date of testing.
Our experimentally applied heating curve was similar to the standard fire curve (in accordance with EN 1991-1-2 [4] ) up to 800°C. Specimens were kept for two hours at the various maximum temperature levels ( Fig. 1 ). Specimens were then slowly cooled down ( Fig. 1 ) in laboratory conditions for further observations. The heating process (temperatures, heating rate, cooling rate) are given on Fig. 1 . During our experiment, electric furnace was used. The heating process was direct programme controlled. The 20 P P, C P, C P P, C P, C 50 P P, C P, C P P, C P, C 150 P P, C P, C P P, C P, C 300 P P, C P, C P P, C P, C 400 -C C -C C 500 -C C -C C 600 P P, C P, C P P, C P, C 800 P P, C P, C P P, C P, C 5 specimens were tested to every parameter combination P: hydrated cement paste specimens (36 9 5 = 180 specimens); C: concrete specimens (32 9 5 = 160 specimens) Improved fire resistance by using slag cements 273
compressive strength was measured on the cooled down specimens and the average values of the measurements were analysed. Changes in phases were followed by thermoanalytical methods (TG/DTG/DTA) using Derivatograph-Q 1500 D. This equipment is able to collect TG/DTG/DTA data from the same measurement simultaneously. For computational evaluation of the thermoanalytical test results, Winder (Version 4.4) software was used. There is a simultaneous procedure where the thermogravimetry (TG) and differential thermal analysis (DTA) thermoanalytical methods can be combined. As the result of TG, the first derivative of DTG curve is also obtained. Reference material was alumina (Al 2 O 3 ), and 10°C min -1 heating rate was chosen up to *1000°C. Tests were carried out in air atmosphere. Part of the specimens was ground in an agate mortar making powder form sample. Mass of sample was *300 mg. The test results were evaluated by using Winder V 4.4 software.
To study the morphology of the samples, SEM images were obtained by a JEOL JSM-5500LV scanning electron microscope. For the observation, the specimens were freshly split avoiding the surface from the carbonation and to reach the appropriate size of the sample. Further preparation was coating of the sample's surface made in vacuum with evaporation of gold/palladium (Au/Pd). Acceleration voltage of 20 kV was used. Samples were imaged under high vacuum conditions. Actual magnifications are printed on the SEM pictures.
Results and discussion
Results on surface cracking and residual compressive strength after exposing to high temperatures are presented and discussed herein.
Development of surface cracks

Hardened cement paste specimens
Temperature loading on hardened cement paste specimens caused chemical and physical changes leading to surface cracking. Development of surface cracks as a result of the elevated temperatures is presented in Fig. 2 .
In the case of Portland cement specimens (CEM I 52,5 N, CEM I 42,5 N), cracks already formed by heating up to 500°C, and the size and number of cracks considerably increased by heating up to 800°C (see 1st column of Fig. 2 ). Crack development is explained by the chemical reactions in the hardened cement paste, i.e. dehydration of portlandite, Ca(OH) 2 at about 450°C and decomposition of CSH at about 750°C.
In the case of Portland-slag cement specimens (CEM II/ A-S 42.5 N; CEM II/B-S 32,5 R), only small cracks appeared by heating up to 500°C, and the amount and size of cracks increased in the case of specimens heating up to 800°C (see 2nd column of Fig. 2 ). With the increasing substitution of cement with slag, the production of portlandite in the hardened cement paste decreases; thus, less portlandite dehydrates at about 450°C, which may give the explanation of decreased amount of cracks.
By blast-furnace cement specimens (CEM III/A 32,5 N; CEM III/B 32,5 N-S) in the case of CEM III/A 32,5 N there were only few small cracks by heating up to 500°C (see 3rd column of Fig. 2 ), while by using CEM III/B 32,5 N-S we did not observe any surface cracks heating either up to 500 or to 800°C (see 4th column of Fig. 2) . Explanation: amount of surface cracks can be related to the fact that these cements contain the highest amount of slag.
The higher the replacement of the clinker by GGBS (ground granulated blast-furnace slag) in the cements, the lower the amount of Ca(OH) 2 formed due to the hydration. Additionally the amount of Ca(OH) 2 decreases with the pozzolanic reaction between GGBS and Ca(OH) 2 , too. Development of cracking after heating is related to rehydration of CaO resulting 44 % volume increase [24] . CaO is the product of dehydrated Ca(OH) 2 . Development of cracking followed after cooling down (kept the specimens in laboratory conditions). Number of cracks increased as a function of time after cooling down.
Hardened concrete specimens
High temperatures may induce changes both in the hardened cement paste and in the aggregates of concrete. Change in crystal structure of quartz aggregates causes expansion at about 573°C [25] . There is an important question of whether the observations on hardened cement paste specimens (discussed in Sect. 3.1.1) are also valid for concrete specimens, or there is any additional influence due to the above-mentioned expansion of aggregates at high temperatures. In Fig. 3 , the development of surface cracks in concrete specimens after high temperature (800°C) loading is presented. Comparison of the 1st column (left hand side) of Fig. 2 (800°C) to the 1st column (left hand side) of Fig. 3 indicates more dispersed crack pattern for concrete (Fig. 3 ) related to hardened cement paste (Fig. 2) which may show the advantageous influence of aggregates in distributing cracks. With the increasing slag content of cement, the size and number of surface cracks were also decreased in concrete specimens (Fig. 3 ) similar to the hardened cement paste specimens (compare 1st and 2nd left hand side columns of Fig. 3 ). Improved fire resistance by using slag cements 275
Compressive strength
In this chapter, compressive strength measurements of hardened cement paste and concrete specimens are presented and discussed.
Hardened cement paste
In Fig. 4 , the compressive strengths of the hardened cement paste specimens are presented related to the compressive strength measured at 20°C (f c,T /f c,20 called residual relative compressive strength) as functions of the maximum temperature and the cement type. The relative residual compressive strength decreases up to 150°C heat loading, then increases up to 300°C. In the case of higher temperatures than 300°C, the residual relative compressive strength decreases again. Specimens loaded up to 300°C show higher residual strength comparing with the average strengths measured on specimens loaded up to 150°C because the intensive dehydration in the temperature interval between 60 and 180°C probably causes the hydration of the unhydrated cement grains in the microstructure. This was proved by the thermoanalytical measurements. In the case of Portland cement specimens (CEM I 42,5 N); the average of residual relative compressive strength of the test specimens was 35 % heating up 500°C and further 10 % by heating up to 800°C. For Portland-slag cement specimens (CEM II/A-S 42,5 N; CEM II/B-S 32,5 R), the average of the residual relative strength was 41 and 47 % by heating up to 500°C and further 17 and 20 % by heating up to 800°C, respectively. While in the case of blast-furnace cement specimens (CEM III/A 32,5 N; CEM III/B 32,5 N-S) the average of the residual relative strength was 59 and 65 % by heating up to 500°C and further 37 and 44 % by heating up to 800°C, respectively.
To sum up these results, the temperature load at 800°C caused increasing residual relative compressive strength with the increase of slag content. The most considerable difference was observed between Portland cement (CEM I 52,5 N, slag content: 0 %) and blastfurnace cement (CEM III/B 32,5 N-S, slag content: 75 %). The results of the compressive strength tests are in accordance with the crack developments. The most significant cracks appeared on test specimens made of Portland cement, and the compressive strength loss was also the highest.
Concrete
Compressive strength measurements on concrete specimens made with quartz gravel aggregates and different types of cements are presented in Fig. 5 as a function of the maximal value of temperature load. The following conclusions can be drawn:
• The relative residual compressive strength decreases up to 150°C heat loading, then increases up to 300°C. In the case of higher temperatures than 300°C, the residual compressive strength decreases again. • With increasing the slag content of cement the relative residual compressive strength of concrete improves.
• After 800°C temperature loading, the relative residual compressive strength of concrete made of CEM I 52,5 N and CEM III/B 32,5 N was 23 and 44 %, respectively, resulting approximately double value as for Portland cement counting specimens.
Our conclusion is that after temperature load the relative residual compressive strength of concrete is significantly increased if cements contain high amounts of slag.
Scanning electron microscopy observations
Differences both in surface cracking and in compressive strength can be explained by the different microstructure of the concrete using Portland cement or slag Portland cement. Different microstructures of concretes using Portland cement or slag containing cements are shown in Figs. 6 and 7 taken by scanning electron microscopy. In the case of concrete made with Portland cement, large portlandite plates (Ca(OH) 2 ) can be seen on the surface of quartz aggregates. Smaller crystals on the surface of portlandite indicate CSH phases (Fig. 6 ). In the case of concrete made with Portland-slag cement, large plates of portlandite were not observed. Observations were proved by the similar SEM analyses made on cement pastes by Kopecskó [29] .
Thermal analysis (TG/DTG/DTA) Thermal analyses were made on freshly ground powder samples of hardened cement paste specimens. Derivative thermogravimetric (DTG) curves were selected to represent the comparative results. DTG curves are shown in Fig. 8 . Significant peaks indicate the loss of absorptive water and the dehydration of AFt and/or AFm phases (e.g. ettringite and/or monosulphate) as well as the dehydration of portlandite (Ca(OH) 2 , with about 480°C peak temperature) as a function of increasing temperature.
Different amounts of portlandite formed by the cement hydration supported the results of the compressive strength measurements. Except of ordinary Portland cement in the heterogeneous cements different amount of the cement clinkers are substituted by the supplementary cementing materials (in our case with GGBS). The clinker to slag ratios in cements determines the amount of portlandite because this compound is the product of the hydration of calcium-silicate clinker minerals (C 3 S and C 2 S). In slag cements, less calcium-silicates are present; therefore, the amount of the hydration product, portlandite is lower. In addition to the above-mentioned causes, portlandite contributes to GGBS hydration due to pozzolanic reaction in formation of calcium-silicate hydrates (CSH-s). In this reaction, slag consumes portlandite, so the amount of portlandite is decreasing during the GGBS hydration, too. The decreasing thermogravimetric mass loss (TG) of portlandite in the case of increasing slag contents in cements is in accordance with the results of relative residual compressive strengths. As a result of heat load higher than 450°C, the portlandite phase in the specimens dehydrates. The product of this dehydration process is calcium-oxide (CaO) which in the humid laboratory condition during cooling and storing easily rehydrate. Intensive crack development was observed on the surface of the already cooled down specimens. The cement paste specimens were made without adding any aggregate (e.g. sand), so the crack development is not connecting with the phase transition of quartz. Improved fire resistance by using slag cements 277
Conclusions
The purpose of the present study was to analyse the postheating characteristics of hardened cement paste and that of hardened concrete. Main experimental parameters were the cement types (6 different types: Portland cements, slag Portland cements and slag cements) and the maximal temperature of heat treatment up to 800°C (20, 50, 150 , 300, 400, 500, 600, 800°C), respectively. Water to cement ratio was kept constant (w/c = 0.43). The same consistency was reached by using superplasticizer. Grading curve (particle size distribution) of aggregates was the same for all of the concrete specimens.
Present studies included analysis of surface cracking, compressive strength and thermal analyses (TG/DTG), and scanning electron-microscopic observations (SEM).
From our results, the following conclusions can be drawn:
1. Slag content of cement has an important influence on post-heating characteristics of concrete. 2. Relative post-heating compressive strength increases with increasing slag content of cement. 3. Amount of surface cracking (sum of lengths and widths) is reduced by the increasing slag content of cements. 4. Thermogravimetric investigations indicated decreasing mass loss between 400 and 600°C by increasing slag content of cement. This observation supports Conclusion 2.
Above conclusions were obtained on small cement paste specimens (cubes of 40 mm) and on concrete specimens (cubes of 150 mm sides). 
